Dye-sensitized solar cells have gained widespread attention in recent years because of their low production costs, ease of fabrication and tunable aesthetic features, such as colour and transparency. Here, we report a molecularly engineered porphyrin dye, coded SM315, which features the prototypical structure of a donor-p-bridge-acceptor and both maximizes electrolyte compatibility and improves light-harvesting properties. Linear-response, time-dependent density functional theory was used to investigate the perturbations in the electronic structure that lead to improved light harvesting. Using . Initial forms of this technology used 5 ruthenium(II)-based dyes in conjunction with iodide-based electro-6 lytes to achieve a certified solar-to-electric power conversion effi-7 ciency (PCE) of 11.9% under full sun illumination (AM 1. . Incorporation of the proquinoidal benzothia-66 diazole (BTD) unit into this structure afforded the dye SM315, a
Dye-sensitized solar cells have gained widespread attention in recent years because of their low production costs, ease of fabrication and tunable aesthetic features, such as colour and transparency. Here, we report a molecularly engineered porphyrin dye, coded SM315, which features the prototypical structure of a donor-p-bridge-acceptor and both maximizes electrolyte compatibility and improves light-harvesting properties. Linear-response, time-dependent density functional theory was used to investigate the perturbations in the electronic structure that lead to improved light harvesting. Using . Initial forms of this technology used 5 ruthenium(II)-based dyes in conjunction with iodide-based electro-6 lytes to achieve a certified solar-to-electric power conversion effi-7 ciency (PCE) of 11.9% under full sun illumination (AM 1.5G, 8 1,000 W m 22 ) 5 . Surpassing the 12% PCE threshold required a 9 paradigm shift in the chemical components utilized within this 10 photo-electrochemical device 6 .
11
A new generation of DSCs is based on a combination of light-12 harvesting donor-p-acceptor (D-p-A) dyes in conjunction with 13 cobalt-based redox mediators [6] [7] [8] [9] . The strong molar absorptivity of 14 D-p-A dyes enables the use of thin TiO 2 films, potentially reducing 15 fabrication costs relative to ruthenium(II) sensitizers, with concomi-16 tant improvements in the open-circuit voltage V OC when used with 17 cobalt-based redox mediators. The synthetic flexibility of D-p-A 18 dyes has enabled the engineering of enhanced compatibility 19 toward these alternative redox couples by introducing steric bulk 20 into the donor component and p-system, minimizing the unfavour-21 able recombination between the electrolyte and the TiO 2 surface 6-9 . 22 slightly improved PCE of 12% compared to the previously reported 1 panchromatic porphyrin sensitizer (Fig. 1) . SM315 exhibited sig-2 nificant broadening of Soret and Q-band absorbance features com-3 pared to SM371, yielding improved light harvesting in both the 4 green (500-600 nm) and red (up to 800 nm) region of the spectrum. 5 SM315 demonstrated an enhancement in green light absorption, 6 resulting in an improved J SC (18.1 versus 15.9 mA cm 22 for 7 SM315 and SM371, respectively) when utilized in the DSC. 8 Ultimately, the panchromatic sensitizer SM315 achieved a record 9 13.0% PCE at full sun illumination without the requirement of a 10 co-sensitizer. 11 Results and discussion 12 Opto-electronic properties of the porphyrin sensitizers. The 13 syntheses of the dyes SM371 and SM315 are provided in the 14 Figure 2 shows the solution (THF) absorption spectra of the 21 SM371 and SM315 sensitizers. SM371 features an absorption spec-22 trum typical of porphyrins functionalized with a diarylamine donor 23 and ethynylbenzoic acid acceptor, with maxima from the Soret band 24 (B-band) at 447 nm and from the Q-bands at 580 nm and 646 nm. 25 The introduction of the BTD acceptor unit had a significant impact 26 on the absorption spectrum of SM315, most evident by the splitting 27 of the Soret band, resulting in a shoulder at 440 nm on the 28 maximum at 454 nm. Furthermore, the absorption of SM315 29 between the Soret and Q-bands (450-550 nm) displayed significant 30 enhancement compared to SM371, leading to the panchromatic 31 character of the BTD-functionalized dye. The Q-band at 581 nm 32 remained relatively constant compared to that of SM371, but the Oscillator strength
Figure 2 | Absorption spectra of the dyes studied. The experimental spectra (in THF) are shown as continuous lines and the theoretical electronic transitions are shown as bars for both SM371 (red) and SM315 (black). Theoretical data were computed using LR-TDDFT/M06/IEF-PCM(THF).
1 in SM315 with a dominant HOMO LUMO contribution was 2 expected to exhibit an enhanced CT character compared to SM371. The calculated absorption spectra for SM371 and SM315 (Fig. 2) 4 were obtained by using linear-response time-dependent density 5 functional theory (LR-TDDFT) and the M06 functional 40 . An inte-6 gral equation formalism of the polarizable continuum model (IEF-7 PCM) with a relative permittivity of 7.43 was used to simulate the 8 solvent (THF) used for the experimental absorption data (see 9 Supplementary Information for full computational details and a 10 discussion of the protocol used). The LR-TDDFT/M06/IEF-11 PCM(THF) methodology predicted a strong alteration of the 12 Soret band for SM315, with two distinct transitions appearing at 13 408 nm and 427 nm (3.04 and 2.90 eV, respectively), with similar 14 oscillator strengths, consistent with the splitting observed exper-15 imentally, which contributes to the panchromatic character of the 16 dye. Analysis of the transition density difference plots 17 ( Supplementary Fig. 2 ) for the two Soret transitions of SM315 18 revealed that the lower-energy Soret absorption exhibited a signifi-19 cant contribution from the BTD acceptor (that is, greater polariz-20 ability along the donor-acceptor axis due to an enhanced CT 21 character), consistent with the rationalization provided from 22 point-dipole exciton coupling theory (vide supra). In contrast, the 23 LR-TDDFT/M06/IEF-PCM(THF) absorption spectra of SM371 24 indicated that the Soret band is dominated by a strong transition 25 at 431 nm and a weaker second transition computed at 413 nm, 26 reproducing the trends in Soret band splitting observed experimen-27 tally between the two dyes. Supplementary Fig. 3 ). On adsorption to TiO 2 , the FTIR spectra 
Q10
were calculated for geometry-optimized SM371 (top) and SM315 (bottom), using DFT/M06/IEF-PCM(THF). (Isovalue set to 0.02 a.u.).
1 the experimental absorption spectrum. Measurement of LHE 2 revealed that SM315 has a near-quantitative LHE throughout the 3 visible region, which is a dramatic improvement over SM371. The 4 splitting and redshifting of Soret and Q-band absorptions upon 5 introduction of the BTD unit into the dye structure is directly 6 responsible for the significant improvements in LHE demonstrated 7 by SM315. The dye loading on the TiO 2 films was obtained by des-8 orbing the dyes, and the amount of dyes loaded was estimated to be 9 8.35 × 10 27 mol cm 22 for the case of the SM315 dye. Assuming a 10 uniform coverage on the titania without any aggregates, the 11 SM315 dye occupies a surface area of 1.98 nm 2 on the TiO 2 .
12
The steady-state fluorescence spectra for SM371 and SM315 are 13 provided in the Supplementary Information (Supplementary Fig. 6 ). 14 SM371 exhibited an emission spectrum that mirrored the absorp-15 tion spectrum, but that of SM315 was broad and featureless, indicat-16 ing that an enhanced ICT character of the excited state could be 17 achieved by using the strongly electron-deficient BTD unit, 18 thereby increasing the acceptor property of the dye 44 . Calculation 19 of the Stokes shift for the two dyes revealed that SM315 20 (1,309 cm 21 ) experienced a greater shift than SM371 (643 cm 21 ). 21 The acquisition of time-resolved luminescence in THF solution 22 and on TiO 2 substrates provided insight into the electron injection 23 dynamics of the two dyes ( Supplementary Fig. 7) . The fluorescence 24 lifetime in solution (1.2 ns) and on TiO 2 substrates (63 and 60 ps for 25 SM371 and SM315, respectively) was identical for both dyes. This is 26 indicative of the injection efficiency (h inj ) for both dyes approaching 27 unity, as a result of efficient photoinduced electron injection from 28 the dye into the mesoporous anode. 29 Electrochemical characterization. The electrochemical 30 characterization of SM371 and SM315 was performed in DMF. 31 The oxidation potential of the dyes is critical for the functioning 32 of the DSC, as it determines the optimal cobalt redox couple to 33 be utilized within the cell. The first oxidation potentials of SM371 34 and SM315 were both quasi-reversible, with values of þ0.88 V 35 and þ0.89 V (versus NHE), respectively. The computed vertical 36 ionization energies (of the ground-state geometry) in DMF are 37 nearly identical for both dyes (4.86 eV and 4.85 eV for SM371 38 and SM315, respectively), consistent with the trend observed in 39 oxidation potential and the observation that the HOMO of 40 SM315 is not strongly affected by the BTD moiety. 41 The reduction potentials of SM371 and SM315 were -1.21 V and 42 -0.99 V (versus NHE), respectively. The similarity of E ox for the two 43 dyes demonstrated a considerable advantage of the BTD-functiona- 44 (1,000 W m 22 at 298 K) (data summarized in Table 2 ). DSCs Supplementary Fig. 10 . A higher average 2 PCE was obtained at 64% sun intensity (13.25%) than at full sun 3 intensity (12.75%). The lower average at full sun intensity is 4 mainly due to mass transport limitations of the cobalt 5 redox mediator.
6
SM371 possessed a near identical photocurrent action spectrum 7 (Fig. 4b) Fig. 5a ) as a function of V OC allows 29 insight into the DOS in devices made with either dye, as C m and 30 DOS are directly proportional to each other. At a given V OC , C m 31 is nearly identical for both dyes, ruling out a downward shift of 32 the conduction band shift as the origin of the decreased V OC in 33 SM315-sensitized DSCs. 34 Measurement of the electron lifetimes as a function of V OC 35 (Fig. 5b) afforded insight into the electron recombination occurring 36 at the TiO 2 -electrolyte interface. At a given V OC , the electron 37 lifetime in cells sensitized with SM371 was two to six times longer 38 than for SM315-sensitized DSCs. Evidence from previous work 39 clearly demonstrates that the direct connection of the BTD group 40 to the anchoring group accelerated conduction-band electron recap- 41 ture by the sensitizer and the utilization of a phenyl spacer retards the 42 electron recapture 45 . In this work, the PIA spectrum of SM315 43 ( Supplementary Fig. 8b ) clearly demonstrated that even with a 44 phenyl spacer in place, the electron recapture by SM315 is faster 45 than by SM371. This indicates that the phenyl spacer does not com-46 pletely attenuate the accelerating effect of the BTD moiety on charge 47 carrier recombination (vide supra). The result of the accelerated 48 electron recapture by SM315 (compared to SM371) at the TiO 2 - 49 electrolyte interface resulted in a V OC decrease of 50 mV in the 
